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1_Introduction

In a previous pzper [1] ws have reported a method
for distinguishing cytosolic and mitochondrial nico-
tinamide-adenine dinucleotidzs in intact Ehrlich—
Leite€ ascites tumour cells, This was allowed by simul-
taneous reasurements of tfluorescence and absarbance
of the adenine nucleotides and calculation of the F/A
ratios. Indeed, such ratios appear to be different for
the two species of the coenzyme, i.e. they are higher
for mitochondrial than cytosolic nucleotides. By
means of this method it has been also passible to
show that oxyvgenation of an anacrobic suspension ot
aseites ceds, sunpplemented with glucose, causes 2 bi-
phasic response of nicotinamide nucleotides. A fast
phase is followed by a slow phase and by the values
of the F/A ratios one may eslablish that the former
is mitochondrial and the Latter cytosolic. Thus, a ki-
netic demonstration has been given of aerobic oxida-
tion of cytosofic NADH i glycolyzing ascites celis. It
has also been shown that the slow oxidation of nicotin-
amide nucleotides, which is not accompanied by a
parallel slow oxidation of flavoproteins, is abolished
by ioduacetate and by the uncoupler TTFB.

In the present work we have extended the absorp-
tion measurements of nicorinamide nucleotides to

* Postal address: Via Pinets Sacchetti 644, 310168 Roma,
[taly.
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the wild strgin of Ehrlich ey perdiploid ascites tumour
cells and we have estimated the level of two glyco-
lytic intermediates, glucose-6-phosphate (G-6-P) and
fructose-1,6-diphasphate {FDP), under steady-stite
conditlons. i both the strains during anaerobic and
acrobic glycolysis.

Since the two tumour strains have different shut-
tle mechanisms for hydrogen transport across the
mitochcndrial membrane [2—5), namely the a-glyc-
erophosphate shuttle [6,7} is operating in the wild
cells and the malate--aspartate shuttle [8] in the
mutant cells, they afford a unique system where the
relattonship B ween shuttle mechanism and the
redox state of cytosolic nicotinamide nucleotides
and/or glycolytic inteimediates can be investigated.
The results obtained in the present study show that
the behaviour of the two ascites tumour cell sirains
is different with respect to nicotinamide nucleotides
reduction and tlie level of glycolytic intermediates.

2. Experimertizl

Ehrlich hyperdiploid (H) ascites tumour cells and
he Lettrd mutant (H—L) were grown in albino Swiss
ntice by weekly transfer of (.2 to 0.3 m! of ascites
fluid. The cells were harvested after 6—5 days from
the inoculation, washed in an isotonic saline medun
(154 mM NaCl, 6.2 mM KCl, 11 mM sodium
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Fiz. L. Spectrophotometric recordings of redox chanpes of nicotinamide nucleotides in intuct Ehrlich hyperdiplodd (A) and

Lettré mutant () ascites tumour cells. The cell suspension concentrations were 3.9 and 6.5 mye dry wt.fiml for HOA) and H L (B)
ells, respectiveiy. The celis, pretreated with catalase and oxamate, were allowed 1o become anaerobic by endesenous substrates.
Addition of a smatl amount of Hy Oy caused an oxidation—reduction oy cle. Glucose reduced the oy toselic pool of nicatinamide
aucleotides. An acrobic steady-state is finally obtained by addition of cxcess HaGa 1o the anacrobically plycolvzing cetls.

phosphate buffer, pH 7.4) [9] and resuspended in the
sami smedium at the concentration of 50—40 mg dry
weicht per mi.

Spectrophotometric measurements of nicotinamide
nucieotides were performed at roont temp. in the
daal wavelength/split-beam Aminco -Chance speciro-
photometer at 340375 nm. For the estimation of
metabolites 200 uf of cell suspension were harvested
with an Eppendorf pipette from the spectrophoto-
metric cuvelte and poured in & centrifuge tube con-
faining an equal amount of ice-cold 10% (viv) HClO4.
Tite deproteinized material was then centrifuged and
he supernatant newtealized with a 0.5 M tricthano!-
amine—3 M K,CG4 mixntre. G-6-P and FDP were as-
sayed fluorimetrically by enzymic methods [10].

Rotenone wis purchased by K and K Lab. Inc.,
Plzinview, New York. The 4, 5, 6, 7-tetrachloro-2-
rrifluoromethylbenzimidazole (TTEB) was kindly sup-
plied by Dr. R_B. Beechey of Shell Rescarch Ltd.,
Milstead laboratory of Chemical Enzymology
Sittinghourne, Kent {Great Britain). Enzymes. cocu-
zymes and substirates for metabolites determination
were obtained from Boeliringer und Sochne
(Marnheim) und Sigma (St. Louis).

3. Results and discussiva

3.1. Kinctics of redox changes of nuicotingside nucleo-
tides in [ and H - 1. cells

Fig. 1 sliows the oxidation--reduction charges of
nicotinamide nuecleaetides in tie wild (A) and mutant
(B) struin of Ehrlich ascites tumous cells. The cells
have been pretreated with catalase (1o allow oxypen
evolution from added H,0,) and oxamate (to inhibit
reuxidation of cytosolic NADH at the laciate dehy-
drogenase ievel) [ 11]. The Kinetics of nicatinamide
nucleotides in the H- L cells, shown in truce B, are
comparable to those described previvusly [1]. Addi-
tien of a small amount of FH150 4 {66 uM} causes in
baoth the steains an exidation of reduced nicotinanide
mucleatides of 0.029 A units, which is followed by i
reduction when oxygen fs exliiusied. The furibier ad-
dition of glucose to the anaerobic cells brings about
a reduction of cytosolic nicotinamide nueleotides cor-
responding 1o .02 A units in the H cells (A) und
0.035 A units in the H—L cells (). It should be noted
that the dry weight of the H celis was only slightly
iower (about 109) than that of H--L cells. The hatf-
time of glucuse induced nucleotides reduction was 235
sec and 172 sec i the 1T and H-FE cells, respectively.
Ancother difference between the two strains is ob-
served when excess of oxygen (3.3 mM H504 ) is
added to he anaerobically glycoly zing cells. Whike
H-L celis show, as deseribed previously {1}, a bi-
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Fig. 2. Redox ;;lm.n.;é:i of nicotinamide nucleetides in Ehrdich Letteé {H—L) ascites tumour cells. The cells (4.5 mg dry wit./mi)
were pretreated for S min with oxamate (upper trace) and oxamate plug 2-oxoglutarate { 2-0G) plees aspartate (Asp.) (lower Lrave).
After the cells became anaerobic, glucose was added to reduce cy tosodic nuclkeotides. Oxidation of nucleotides was then obtained

by adding an excess of sxygen.

phasic response, only a fast phase is observed in the
H cells. The extent of this phasz in the H cells is
0.023 A units and in the H-—L cells is 0.026 A units.
In the H-L strain the slow oxidasion of the nucleo-
tides, following after a lag period the rapid compo-
nent, has an extent of L0117 A units.

The daia described above can be interpreted as
follows: The smmaller and slower reduction of cytosol-
ic nicotinamide nucleotides in tha H celis, as com-
pared to H--L cells, may be due to the presence in the
cytosol of H. but not of H-L cells. of an acceptor for
glveolytic reducing equivalents different from pyru-
vate {in both the strains oxamate prevents reduction
of pyruvate to lactate). A probable candidate for such
a role is dihydroxvacelone phosphate which indeed is
able to be redured 1o a-glycerophosphate at the ex-
penses of glycolytic NADEL In tact an sccumulation
of a-glycerophospliate has been shown te be present
in glveolvzing H buet not H-L cells (ef. fig. 5 of {2]).
Such an hypothesis can explain also the presence of a
slow oxidation of cytosolic nicotinamide nucleotides
upon addition of oxvgen ia the H—L cells 1] but not
in the H celis. I this strain, in fact, cytosolic nucleo-
tides are already oxidized 1o a lurge extent and oxida-
tton of reducing equivalents into the mitochondria
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occurs through the accumulated a-plycerophosplate,
at a low steady state of nucleotides reduction in the
cytosol, in agreement with previous data [2] indicar-
ing that the «-plvcerophosphate shuttle is operating
in the wild steain.

If indeed the higher redox stat¢ of cytosolic sicotn
amide nucleotides in the H—L strain, with respect 1o
the H strain, and their slow aerobic axidation is due
to the ahsence under anserobic conditions of cyto-
sofic sinks for reducing equivalents, the addition of a
cytosolic oxidant, such as oxalacetate, would reader
more similar the kinetics of the H-1. strain to those
of the H strain. Since oxalacetate is not a good pene-
trant in ascites cels a5 such, 2 combination of 2-
oxoglutaraie and aspartiate was used in the experi-
ment shown in fig. 2. In fact the activity of the cylo-
solic glutamate —oxalazetate transaminass (EC 2.6.1.1
in these cells [3] is high encugh to pro<ace high
levels of oxalacetate from 2-oxoglutara:z and aspar-
tate. The control experiment (upper trace) is not sig-
nificantly different from the trace of fig. 1B. In the
experiment shown ia the lower trace H—L cells were
preincubated for 5 min with 8.5 mM 2-oxoglurarute
and 8.5 mM aspartate and allowed 1o become snure-
bic. The addition of glucose brings about a reduction
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Table 1
Steady-state levels of G—ﬁ-P and FDP under different metabolic conditions in H and 1L Ehzlich ascites twmour cells.
’ Conditions H cells o o ['Tl_- Cz"‘-i-__ S S
G-6-P FDP G-6p e
fumolesfs dry weight)
Anacrobic 5.2 1.1 (2Q) 19.1 2 1.1 (19} 4.0+ 0.6 (19} 2402+ 1.5(19)
Acrivhic T 9.6+40.2 (1O) 379+ 26( B) S5.Lz09( 8§ T2 354( 8)
Acichbic + TTFB T4+ 1.5 {10) 29.4 2 2.5 (16G; 44 +0.9( 9} 305 £ 3.7410)
Acrobic + rotenone 10.0 2.5 { 3} 3to=x . G( 4) +4.7¢ 4)

46+ 1.0( 8) 427

Expeciments have been pcr’-"ormcd as described in fig. 1. 25 mM oxamate was present in all the experiments. Samples were with-
dravn from the spectraphotometric cuvette diring Kinetic measurements of nicotmamide nucleotides, after addition of glucose
1o anacrobic cells (*anacrobic’) or oxyren to anacrobic cells plus plncose (acrobic’}. When present, TTEB (6 M) and rotenone

i3 uM) were added to anacrabic cells plus slucose topether with oxysen (“aerabic + TIFB and “acrobic + rotenone’). The cell
aispension concentrailons were 7— 16 mg dry wt./ml. The values represent the means = S.E. (number of observations).

of nicetinaimide nucleotides which is about one third
of that of the control sample. The addition of excess
of oxygen produces a rapid oxidation of nucleotides,
halt in extent of thiit of the control experiment. The
slow phase starts immediately after the fast axidation,
not being preceded by the lag phase present in the
conitrol. In the pretreated cells the extent and the
iate of the slow pliase are very reduced. Therefore
the experiment of fig. 2 indicates that addition to
H-L cells of an oXidant for cytosolic reduced nicotin-
amide nucleotides renders this strain similar to H strain
as far as nucleotides redox Kinetics are concerned.
Moreover the presence of the luz phase in the H—L
cells indicates that under conditions of anaerabic gly-
colysis the shuttle for the reoxidation of cytosolic re-
ducing eguivalents is not fully operating and that.
upon oXygen addition, intermediates of the malate—
aspartate shuttle must be formed beture cytosolic hy-
drogen is translocated into the mitochondria. This is
confirmed by the lack of lug phase in the 2-oxogluta-
raie and aspartate treated c=lls.

In order to further analyze the characteristics of
the shuttle mechanisms in the two strains of ascites
cells the experiments described below were performed.

32 The level of G-6-P and FDP in anaerobically and
acrabically glycolyzing ascites cells
Tie cytosolic WADH:NAD ratio may influence the
flux «f glycoly tic intermediates by regulating the ac-
tvity of the glyceraldehyde-3-phosphate dehydrogen-
a2 reaction. A decrease of this ratio causes a facitita-
lion oof the reaction [12]. Thus, the estimation of

G-6-P and FDP in different metabolic conditions may
give information on the change of the ¢yicsolic redox
potentisl and hence on the intramitochoadrial oxida-
tion of giycolytic NADL

Table 1 shows measurements of such intermediates
performed simultancously with the kinetics of nico-
tinamide nucleotides. as described in Experimental.
Samples were taken after nicotinamide nucleotides
have reached steady-state levels upon addition of glu-
cose to anaerobic cells, or excess (O, to anacrobically
glycolyzing cclis in the absence or presence of TTFB
and rotenone. As can be seen, oxygenation of the an-
aerobrc cells causes, in both the strains, an incresse in
the level of G-6-P and FDP. This increase is, however.
preveniad in the FI—L cells by TTFB, which causes
also the disappearznee of the slow phase of nucleo-
tides oxidation, as already desceibed [1]. The eftect
of the uncoupler on G-6-P and FDIP is sligh i H cells.
Pretreatiment of cells with rotenone has consequences
sirnilar 1o those of TTFB on the steady-state level of
the twa metabolites.

The experiments presented in table 1 indicate the
following:
1) the fevel of G-6-P and FDP may change as a fuae-
tion of the acrobic oxidation of nicotinamide nucles-
tides in both strains, i) such oxidation is not only
concerned with the mitochondriol but atso with the
cvtosolic nicotinamide nucleotides and iii) the intra-
mitochondrial oxidation ot cytosolic NADH is carried
out in the two strains by shuittle mechanisms which
differ for their seasitivity to inhibitors and uncouplers.
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It appeass from the data reported above that the
operation of the a-glycerophosphate shuttle mecha-
nism occugs at a low steady-state of reduction of
cy Losolic nicotinainide nuciectides, while the opera-
tion of the malate—aspartate shuttle requires a hish
reduction of nicotinamide nucleotides. Thus, it seems
possible to conceive the chaice between the two shut-
tle mechanisms, when hoth are present, as governed
by the level of nicolinamide nucleotide reduction in
the cytosol. In particular t7:e malate—aspartate shut-
tle may permnit high rate of nicotiamide nucleotide
reduction, while the a-glycerophosphate shuttle
would start to operate at lower levels of reduction,
when a sufficicnt amouni of a-glycerophosphate is
formed at the expenses of reduced nucleortides and di-
hydroxyacetone phosphate.
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